The present study investigated effects of total solids content of honey maltodextrin systems and the component ratio on water sorption isotherm and water plasticization behavior of the vacuum-dried solids. The Guggenheim, Anderson, and de Boer model fitted well to the water sorption data with monolayer water contents over the range of 4.8-6.2 g water/100 g of solids. Water plasticization of the powder followed the Gordon-Taylor equation, with the T g of dry solids of 30-43°C depending on composition. The critical water content of dried honey at 25°C was lower than the monolayer water content. A maltodextrin ratio more than 50% decreased water plasticization sensitivity to the highest extent.
INTRODUCTION
Honey contains up to 65% (w/w) sugars, primarily fructose (35.7-41.7%, w/w) and glucose (29.7-34.9%, w/w). [1] The ratio of fructose to glucose is in an average 1.2:1. [1] Because of the high glucose content and its lower solubility glucose crystallization is common during storage of honey, and is known as honey granulation. The granulation of honey accelerates with increasing glucose content. [2] Honey granulation reduces the sensory acceptability of honey. One alternative to honey liquid with improved shelf life is conversion of honey into honey powder. The production of honey powder could also use crystallization of glucose to stabilize honey powders.
Production of stable solid particles from honey cannot be completed at normal ambient condition because of the low glass transition temperatures, T g of fructose and glucose, i.e., 5 and 31°C, respectively. [3] The water content of fresh honey can exceed 20% (w/w) and honey is physically a viscous but fluid syrup because of the significant plasticization of the component sugars by water. The reported T g of honey are low and vary according to several studies: -46 to -40°C, [4] -47 to -34°C, [5] and -51 to -35°C. [6] Honey powder is commercially produced with drying aids by spray drying and drum drying. [7] The use of high molecular weight drying aids to enhance dehydration is necessary. Starch, modified starch, maltodextrins, and Arabic gum are some of the available filler materials for drying of honey. Nurhadi et al. [8] developed a vacuum oven drying method for honey using starch, pre-gelatinized starch, maltodextrin, and Arabic gum. In vacuum drying, the drying rate was higher compared to conventional drying (cabinet drying). A combination of the high drying rate (low temperature at low absolute pressure) and use of the filler materials enabled the production of powder with a high level of natural solids.
Shi and Bhandari [9] and Nurhadi et al. [8] used water as an aid to enhance homogenous mixing of honey and maltodextrin. The amount of water added affected total solid content of the liquid (liquid honey mixture). The total solids content of the liquid being dried is an important factor in determining the success of the drying process. In producing honey powder by spray drying, the total solids content of the liquid was set up to 10 [9] or 25% (w/w). [8] In addition, we successfully produced honey powder by freeze drying at total solids content of 20% (w/w) but freeze drying was not successful at 40% (w/w) of solids. In vacuum oven drying, different total solids content of honey's mixture, maltodextrin ratio, and maltodextrin types might affect the drying process and result in various powder properties of the dried honey. Thus, the present study aimed to investigate the effects of water (total solids content), and added maltodextrin type and ratio on dehydration and water sorption and water plasticization behavior of the resultant solids (honey powder) produced using vacuum drying.
MATERIALS AND METHODS

Materials, Processing, and Treatments
Honey Boyne Valley Honey (500 g) was purchased from a local supermarket in Cork, Ireland. Maltodextrins with various dextrin equivalent values; M 150 (DE 15), M 100(DE 10), and M 40 (DE 4) were from Grain Processing Corp, IA, USA. The water content of honey and maltodextrins was determined by vacuum drying (P abs < 100 mbar) at 70°C for about 6 h. [10] Honey powder was prepared using formulation given in Table 1 by dissolving maltodextrin in water using a stirrer at 40°C until a clear solution was obtained and then finally mixed with honey and stirred for about 10 min until the mixture was homogenous. Samples of 10 g honey mixture were then prepared on petri dishes which were closed with a cover (the cover was perforated to allow water evaporation). Treatment 1 (H:M:W 6:4:0) had a different preparation. The honey and maltodextrin were mixed by spoon manually and maltodexrin was added to honey gradually. The solution and the mixture from treatment 1 were dried using a vacuum oven (P abs < 10 mbar, T = 60°C) for 3 h. After 3 h of drying, the material was cooled in a desiccator with P 2 O 5 to room temperature (about 30 min), the dried solids were grinded using mortar The original water contents of the honey powder were determined by dehydration in vacuum oven at 100°C for 6 h. The equilibrium water content of each sample at various water activity was taken from the weight showing less than 0.001 g difference of consecutive measurements. [11] Analyses were carried out in triplicate. The relationship of water activity and the corresponding equilibrium water content was modeled using the Brunauer, Emmet, and Teller (BET) (Eq. 1) and Guggenheim, Anderson and de Boer (GAB) relationships (Eq. 2).
where X is water content (g water/ g dry solid), a w is water activity, X m is monolayer water content, and X m , C, and K are constants. The goodness-of-fit of the models was evaluated with the relative percentage square (% RMS; [Eq. 3]), where the value less than 10% indicated a very good fit. [12] % RMS ¼ 100 
Glass Transition Temperature
The glass transition temperature was measured with differential scanning calorimetry (DSC, Mettler Toledo Schwerzenbach, and Switzerland). Honey powder, 10-20 mg of was prepared in a standard 40 μL aluminum pan and equilibrated at desiccators over various saturated salt solutions (with various water activity of 0.11, 0.23, 0.33, and 0.44) for 1 week and then hermetically sealed and analyzed with DSC. Samples were first analyzed from -40 to 70°C at a heating rate of 5°C/ min, cooled from 70 to -40°C at 10°C/min and reheated from -40 to 70°C at 5°C/min. The glass transition temperature was determined using the STAR e software version 8.10 (Mettler Toledo Schwerzenbach, Switzerland). The first heating scan was intended to erase thermal history effect that might affect the T g determination. [13] The second heating scan was used for T g analysis. The relationship between water content and glass transition was modelled with Gordon-Taylor Eq. (4).
T g1 is glass transition temperature of dry solid honey powder, T g2 is glass transition temperature of water, X is fraction of water, k G-T is constant.
RESULTS AND DISCUSSION
Vacuum Drying
All formulations could be used to produce honey powder successfully. Contrast to honey powder production by spray drying which needs total solids content of honey mixture of 10-25% (w/w) and ratio honey's solid to total solid less than 50% (w/w), [8, 9] the vacuum drying was more effective. Formulations with total solids contents up to 87% (w/w) or formulations with maltodextrin ratio to total solid up to 33% (w/w) could produce honey powder successfully. Honey cannot be dehydrated into powder without the addition of other materials (filler materials of a high glass transition temperature). The glass transition temperatures were from -47 to -34°C, [5] or -51 to -34°C [6] and its value was dependent on the water content and composition. The main factor that enabled dehydration of honey by vacuum drying was the addition of a filler material such as maltodextrin and the use of a vacuum. The addition of maltodextrin provided a solids composition with a higher glass transition temperature which could form a solid structure at room temperature. [14, 15] The second main factor was the use of a low pressure. At low pressure, water could evaporate at low temperature. The present study used an oven temperature of 60°C and pressure ≤100 mbar. The vapor pressure of water at 60°C was 199.2 mbar, [16] which enhanced evaporation water from honey. Evaporation of water from honey in the vacuum oven produced a foam (Fig. 1b) and an increase of the evaporation surface. All materials except the formulations H:M:W 6:4:0 with the highest solid fraction (87%, w/w) did not produce foam-like appearance (Fig. 1a) . From Fig. 1b , it can be seen that foaming started after 15 min of drying. The vigorous boiling of water and bubbling made accelerated the drying process. As a result, a mixture of amorphous and crystalline states of sugars co-existed in the powder.
Water Sorption Isotherm
The water content of honey powder stabilized at different times in a series of water activity experiments. It was found that at a lower water activity (up to 0.44), the water content of the honey powder stabilized in less than 2 weeks, while at higher water activities it took almost 3 weeks (data not shown). The BET and GAB models are the main fundamental models relating water content and water activity. [17, 25] The BET model is backed up by strong theoretical basis for the use in determining stability, [18] but the model is used over more narrow range water activities (0-0.5). [17] The weakness of BET model is overcome by GAB model which could fit to experimental data over a wider range of water activities (0-0.95). [17] The fitness of model was analyzed by the % RMS value (rather than R 2 value), where a value less than 10%, showed a good fit to water sorption data. [12] As presented in Table 2 , the GAB model showed much lower % RMS than the BET model. The GAB model gave a better fit than BET to water sorption data of honey powder. Based on the value of C of the BET model (Table 2) , all the sorption isotherms of honey powder followed the type II of Brunauer water sorption isotherm classification with value in the BEHAVIOR OF VACUUM DRIED HONEY range of 2-50. [17] However, the sorption isotherm shape was less sigmoidal and this phenomenon is common for materials with high sugar contents. [19] This type II water sorption of honey powders was similar to other foods with high sugar contents, such as strawberry [20] and raspberry. [11] The monolayer water content (X m ) was considered as an indicator of stability of low moisture foods. [12] A food with a higher monolayer water content is considered as more stable in storage than a food with lower monolayer water content especially in term of microbial deterioration. [11] As given in Table 2 , the monolayer water content (X m ) of both models showed similar trend for each treatment and showed no significant differences in agreement with Rizvi, [12] who stated that the monolayer water content of BET and GAB model were not significantly different. A comparison of formulations 1, 2, and 3, showed that the addition of water to lower total solids content might increase the monolayer water content. The addition of water made foam formed more easily as a result the drying rate is getting faster and amorphous component was formed preferably instead of crystalline component. Vallenbroek et al. [21] showed that the amorphous ratio of lactose was proportional to the monolayer water content of the mixture of amorphous and crystalline lactose.
Maltodextrin is a hydrolysis product of starch and the extent of hydrolysis is given by the dextrose equivalent (DE) value. The higher the DE value of maltodextrin, the lower is the average 
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NURHADI AND ROOS molecular weight of the maltodextrin resulting in a lower the glass transition temperature. Maltodextrin is added to honey to increase its glass transition temperature to enable honey solids formed to remain stable at room temperature. Thus the addition of maltodextrin gave positive impact to the stability of honey powder (Fig. 2) . According to Table 2 , the lower the DE value of maltodextrin and the higher ratio of maltodextrin used, the higher was the monolayer water content resulting in more stable honey powder formed.
Water Plasticization Behavior
The honey powder produced by vacuum oven drying gave a mixed structured powder with amorphous and less portion of crystalline components. The crystalline fraction might be glucose monohydrate which showed a melting endotherm peak at 71-78°C (data not shown) which was very close with melting temperature of glucose monohydrate 83°C. [22] Water is the main plasticizer in food solids. The function of water as a plasticizer is related to complex mechanism that involved hydrogen bond formation between water and food component and change of the matrix free volume. [23] The effect of water as plasticizer in the honey powder would reduce its glass transition temperature (Fig. 3) .
Honey powder from highest total solid fraction of the honey mixture (H:M:W 6:4:0) had the lowest glass transition at each water content, followed by two other formulations of lower total solid fraction H:M:W 6:4:5 and H:M:W 6:4:10, respectively. The honey powder from highest total solid fraction of mixture might contain more crystalline components and this result was backed up by the result that honey powder produced from highest total solid content (H:M:W 6:4:0) which had the lowest ΔC p value then followed by honey powder H:M:W 6:4:5 and H:M:W 6:4:10 (Table 3 ). This result complied with Lehto et al. [13] finding that the amorphous content (amorphicity) is proportional to the value of ΔC p of DSC analysis. From Fig. 3 , it can be seen that the honey powder from highest solid fraction formulation had lowest temperature. It can be understood that the decrease in amorphous phase in honey powder with high solid content (H:M:W 6:4:0) affected the increasing water ratio to amorphous phase, thus it decreased the glass transition temperature. The effect of maltodextrin ratio on glass transition temperature can be seen in Fig. 3 . The glass transition of honey powder increased as the ratio of maltodextrin increase from 33 to 44% and 54%. However, different DE values of maltodextrin had minor effects on the glass transition temperature of the honey powders (Fig. 3) .
The Gordon-Taylor model is often used to relate the water content and glass transition temperature of amorphous solid. The equation contains two constants (T g1 or dry solid glass transition temperature) and a constant, K value, while the T g of water of -135°C may be used. The Gordon-Taylor model related well the water content and glass transition temperature data of honey powders with R 2 value more than 0.9 ( Table 3 ). The value of glass temperature of dry solids of honey powder was in the range of 30 to 38°C being very close to the onset glass transition temperature of amorphous glucose. [14] The significantly highest value of the glass transition of honey powder dry solid was obtained for formulation with the highest maltodextrin ratio (H:M:W 5:5:10). It was suggested that the solid ratio of maltodextrin to total solid 54% (or honey to total solid 46%) affected significantly the glass transition temperature of the system. It complied with Roos, [14] who stated that the minimum amount ratio of maltodextrin to sugar more than 50% would increase the glass transition temperature of the mixture significantly. 
BEHAVIOR OF VACUUM DRIED HONEY
Water Sorption and Water Plasticization Relationship
Along with water activity, glass transition temperature is used as an indicator for predicting food stability. It is suggested that a product stored at a temperature lower than its glass transition temperature, will be stable better because all chemical and physical change occurred slowly below the glass transition temperature. [14] The correlation between water sorption isotherm and water plasticization of honey powder can be found in Table 4 . The storage temperature chosen was 25°C and the water content and its corresponding water activity of honey with glass transition temperature at 25°C is called critical water content and critical water activity, respectively. [14] The critical water content and critical water activity of honey powder based on the onset, midpoint, and endpoint glass transition temperature were lower than the monolayer water content and its corresponding water activity. The same result was obtained for products with high sugar contents such as strawberry, [23] kiwifruit, [26] raspberry, [27] and grapefruit. [24] Sablani et al. [21] explained that for high sugar food, the effect of water in depressing glass transition temperature is more significant than the effect of sugar in reducing the water activity. Thus critical water content and corresponding water activity of honey powder is more appropriate to use as a parameter of stability than the monolayer water contents. As presented in Table 4 , honey powder with the highest ratio of maltodextrin (formulation 7) gave significantly the highest critical water content and water activity to other honey powders. It was suggested that the ratio maltodextrin higher than 50% played more significant effect on honey powder's stability than the treatment of DE value and solid content.
CONCLUSIONS
The treatments of solid content and DE value less significantly affected the water sorption isotherm and water plasticization behavior of the resulted honey powder. However, the treatment of maltodextrin ratio affected more significantly the properties of honey powder. The honey powder from maltodextrin ratio more than 50% had the highest critical water content and critical water activity at storage temperature of 25°C. The critical water content of honey powder at 25°C was lower than that of their monolayer water content, thus the critical water content was more appropriate as an indication of honey powder stability during storage
